Objective-To determine the ability of an intramuscular cobinamide sulfite injection to rapidly reverse the physiologic effects of cyanide toxicity.
Introduction
The development of cyanide toxicity may occur from smoke inhalation, industrial exposure, and acts of terrorism. (1) (2) (3) (4) . Doses of as little as 50 mg may be fatal to humans, with more than 5.2 billion pounds of cyanide produced annually worldwide (5) . Lethal exposures can occur from cyanide ingestion or inhalation, and irreversible injury or death can occur within minutes of exposure. Mass casualty cyanide exposure from intentional terrorism acts is a major concern to civilian and military personnel. Terrorist plans to attack passengers in the NY subway system using cyanide were discovered by the United States intelligence authorities in 2003 (6) .
Current treatments for cyanide poisoning include three general classes of agents: methemoglobin generators (sodium nitrite, amyl nitrite, and dimethyl aminophenol), sulfur donors (sodium thiosulfate and glutathione), and direct binding agents (hydroxocobalamin and dicobalt edetate) (4, 7) . These drugs are effective for cyanide exposure of only a small number of victims concurrently, because they must be administered intravenously by skilled personnel. Given the need for immediate treatment of cyanide exposed-persons, and the ever present danger of mass casualties from cyanide poisoning, rapidly acting cyanide antidotes that can be administered simply are desperately needed. An ideal candidate for treating cyanide poisoning would have a long shelf-life, exhibit minimal toxicity, i.e., have a high therapeutic index, and could be administered by minimally trained individuals or by self-administration, e.g., intramuscular injection.
Cobinamide is a potential agent for treating cyanide poisoning (8) that may satisfy these criteria. It is the penultimate precursor in cobalamin biosynthesis, lacking the dimethyl-benzimidazole ribonucleotide tail coordinated to the cobalt atom in the lower axial position (Figure 1 ). Thus, whereas cobalamin has only an upper ligand binding site, cobinamide has both an upper and lower ligand binding site. Moreover, the dimethylbenzimidazole group has a negative transeffect on the upper binding site, thereby reducing cobalamin's affinity for ligands (9) . The combined effect is that each cobinamide molecule can bind two cyanide molecules, and that cobinamide has a much greater affinity for cyanide than cobalamin, with a K A overall of ≈10 22 M -1 [binding affinity for first cyanide ion is 10 14 M -1 and for second ion is 10 8 M -1 ] (10). This suggests that cobinamide should be a more effective cyanide detoxifying agent than cobalamin, as we found in previous work (8) . In aqueous solution, cobinamide exists as aquohydroxocobinamide, which we show is at least five times more water soluble than cobalamin. The combination of cobinamide's high binding affinity for cyanide, binding of two cyanide molecules, and relatively high water solubility suggest it could be administered in concentrated enough solutions for intramuscular injection. In addition, cobinamide is stable at room temperature, and we provide evidence that cobinamide sulfite exhibits minimal toxicity to mice and rats at doses as high as 300-800 mg/kg. For these reasons, we assessed the feasibility of intramuscular injections of cobinamide sulfite in a cyanide toxic animal model (11) .
In addition to developing cyanide countermeasures, new methods to rapidly recognize and monitor cyanide exposure are essential to optimize treatment and determine therapeutic efficacy (12, 13) . Optical technologies such as diffuse optical spectroscopy (DOS) and continuous wave near infrared spectroscopy (CWNIRS) may provide these capabilities. The cyanide anion binds to the iron in cytochrome oxidase, blocking electron transport and, thereby, interrupting cellular respiration (4, 7, (14) (15) (16) (17) . Because cytochrome oxidase accounts for > 90% of cellular oxygen consumption, oxygen is no longer consumed by cyanide-poisoned tissues, and the oxygen content increases in both arterial and venous blood (18) . DOS can simultaneously measure tissue optical scattering and absorption, providing accurate quantitative measures of tissue oxy-and deoxyhemoglobin (11) . We have used DOS to noninvasively measure the physiologic effects of cyanide poisoning in a non-lethal rabbit model of cyanide poisoning (11) .
We hypothesized that intramuscular injection of cobinamide will rapidly reverse the physiologic effects of cyanide toxicity in the rabbit model and suggest that cobinamide sulfite may be a promising candidate agent for treating mass casualties from cyanide poisoning.
Methods

General preparation
Pathogen-free New Zealand White rabbits weighing 3.5-4.5 kg (Western Oregon Rabbit Supply, Philomath, Oregon), were used, and all procedures were reviewed and approved by the University of California, Irvine, Institutional Animal Care and Use Committee (IACUC). The methods for cyanide induction and DOS monitoring have been described previously and are summarized here (11) .
Animals were anesthetized with an intramuscular injection of a 2:1 ratio of ketamine HCl (100 mg/ml, Ketaject, Phoenix Pharmaceutical Inc., St. Joseph, MI): xylazine (20 mg/ml, Anased, Lloyd Laboratories, Shenandoah, IA) at a dose of 0.75 cc/kg using a 23 gauge 5/8 inch needle. After the intramuscular injection, a 23 gauge 1 inch catheter was placed in the animals' marginal ear vein to administer continuous IV anesthesia. Torbutrol, 0.1-0.5mg/kg , was given subcutaneously, and then the animals were intubated with a 3.0 cuffed endotracheal tube secured by a gauze tie; they were mechanically ventilated (dual phase control respirator, model 32A4BEPM-5R, Harvard Apparatus, Chicago, IL) at a respiration rate of 32/minutes, a tidal volume of 50 cc, and FiO 2 of 100%. A pulse oximeter (Biox 3700 Pulse Oximeter, Ohmeda, Boulder, CO) with a probe was placed on the tongue to measure SpO 2 and heart rate. Blunt dissection was performed to isolate the femoral artery and vein on the left thigh for blood sampling, cyanide infusion, and systemic pressure monitoring. Sodium cyanide (10 mg) dissolved in 60 ml of phosphate-buffered saline was given intravenously over 60 minutes; this dose of cyanide (~2.5 mg/kg) is non-lethal to rabbits, but does cause marked changes in tissue oxy-and deoxyhemoglobin concentrations (11) . On completion of the experiment, the animals were euthanized with an intravenous injection of 1 ml Euthasol (1.0cc, Euthasol, Virbac AH, Inc. Fort Worth, Texas. 390 mg pentobarbital sodium, 50 mg phenytoin sodium/ml) administered through the marginal ear vein.
Venous blood cyanide levels were measured at baseline, 5 minutes prior to completion and at the end of the cyanide infusion, and at 2.5, 5, 7.5, 10, 15, 30, 45, and 60 minutes after injecting cobinamide sulfite. During this time, DOS and CWNIR measurements were taken continuously, with each measurement set requiring an average of 30 sec to complete.
Study and control groups
A total of 11 animals were studied: five animals (control group) received either no intramuscular injection (four animals) or an intramuscular injection of 12.5 mg sodium sulfite dissolved in 1 ml phosphate-buffered saline (one animal), and six animals received an intramuscular injection of 83.5 mg cobinamide (0.082 millimole) mixed with 12.5 mg sodium sulfite in 1 ml phosphate-buffered saline immediately following completion of the cyanide infusion and DOS measurements. The cobinamide dose was calculated to achieve a molar equivalent for cyanide neutralization, and the injections were performed intramuscularly in the right gluteus or left pectoralis muscle.
Non-invasive measurements using diffuse optical spectroscopy (DOS)
Diffuse optical spectroscopy (DOS) measurements were obtained through a fiberoptic probe with a light diode emitter and detector at a fixed distance (10 mm) from the source fiber, which was placed on the shaved surface of the right inner thigh of the animal. The broadband DOS system we constructed (11, (19) (20) (21) (22) (23) combines multi-frequency domain photon migration with time-independent near infrared spectroscopy to accurately measure bulk tissue absorption and scattering spectra. It employs six laser diodes at discrete wavelengths (661,681,783, 805, 823, and 850 nm), and a fiber coupled avalanche photo diode (APD) detector (Hamamatsu highspeed APD module C5658, Bridgewater, NJ) for the frequency domain measurements. The APD detects the intensity-modulated diffuse reflectance signal at modulation frequencies from 50 to 550 MHz after propagation through the tissue. Absorption and reduced scattering coefficients are measured directly at each of the six laser diode wavelengths using frequencydependent phase and amplitude data. Reduced scattering coefficients are calculated as a function of wavelength throughout the near infrared region by fitting a power-law to six reduced scattering coefficients. Steady-state acquisition was accomplished using a broadband reflectance measurement from 650 to 1000 nm that follows frequency domain measurements using a tungsten-halogen light source (Ocean Optics HL-2000, Dunedin, FL) and a spectrometer (BWTEK BTC611E, Newark, DE). Intensity of the steady-state reflectance measurements are calibrated to the frequency domain values of absorption and scattering to establish the absolute reflectance intensity (11, 19, 20) . Tissue concentrations of oxy-and deoxyhemoglobin are calculated by a linear least squares fit of the wavelength-dependent extinction coefficient spectra of each chromophore. We used oxy-and deoxyhemoglobin absorption spectra reported by Zijlstra et al (24) for subsequent fitting and analysis.
Continuous wave near infrared spectroscopy (CWNIRS)
CWNIRS was used to assess oxy-and deoxyhemoglobin effects of cyanide toxicity and reversal in the brain region. Continuous wave near infrared spectroscopy (CWNIRS) provides rapid, real time measures of tissue oxy-and deoxyhemoglobin concentration changes and penetrates more deeply into tissues than DOS (25) ; it can , therefore, be used to assess regions such as the CNS, an area particularly sensitive to cyanide toxicity. CWNIRS, however, does not account for scattering effects, and provides only relative information on changes in the concentrations of molecular species (as opposed to absolute concentrations obtained by DOS).
The CWNIRS system consists of a light source (Ocean Optics HL 2000HP, Dunedin, FL), a CCD spectrometer (BWTEK BTC111E, Newark, DE), and customized optical fiber guides (1mm diameter with 10 feet length, RoMack Inc, VA) (25) . Continuous wave near infrared light was delivered to the rabbit brain/CNS using a fiber optic probe placed over the forehead, and transmitted light intensities at five wavelengths (732, 758, 805, 840, 880 nm) were measured using the CCD spectrometer every second. We quantified changes in oxy-and deoxyhemoglobin concentrations throughout the experiment using Labview real time display software, and a modified Beer-Lamberts' law (Labview 7.0, National Instrument, TX). Since it does not account for scattering effect, the unit of oxy-and deoxyhemoglobin concentration is mM/DPF where DPF is a differential pathlength factor (26) . Calculated changes in oxyand deoxyhemoglobin were displayed on a computer in real time (25) .
Measurement of Red Blood Cell (RBC) Cyanide Concentration
Cyanide in blood is bound almost exclusively to ferric(met)hemoglobin in RBCs; thus, blood cyanide can be measured by separating RBCs from plasma, and acidifying the RBCs to release cyanide as HCN gas (27) . Immediately after drawing blood from the rabbits, samples were cooled to 4 °C, centrifuged, and the plasma and RBC fractions separated. All samples were kept at 4 °C and analyzed within 48 hours. For analysis, the RBCs were lysed in ice-cold water. The lysates were placed into glass tubes sealed with stoppers holding plastic center wells (Kontes Glass Co., Vineland, NJ) containing 0.1 M sodium hydroxide (NaOH). A volume of 10% trichloroacetic acid equal to the lysate was injected through the stopper into the tubes, and the tubes were shaken at 37 °C for 75 minutes. After cooling to room temperature, cyanide trapped in the NaOH was measured in a spectrophotometric assay following its reaction with p-nitrobenzaldehyde and o-dinitrobenzene at 560 nm (28) . Concentrations were determined from standard curves using freshly prepared KCN dissolved in 0.1 M NaOH. Duplicate samples showed < 15% variation.
Measurement of Plasma Cobinamide Concentration
Plasma cobinamide concentrations were determined by scanning diluted plasma samples between 300 and 600 nm on an Uvikon 960 spectrophotometer (NorthStar Scientific, Leeds, England, NorthStar Scientific Limited -www.nstaruk.com). Cobinamide and dicyanocobinamide have distinctive spectra in this range. To convert all cobinamide in the plasma to one species, i.e., dicyanocobinamide, excess KCN was added to the samples. The cobinamide concentration was calculated based on a least squares regression linear-fit to standard curves generated by adding dicyanocobinamide of known concentrations to baseline plasma samples. Samples were diluted appropriately to assure they were in the linear range of the standard curve, with duplicate measurements performed on each sample.
Cobinamide Solubility and Toxicity
We found that cobinamide sulfite is soluble to at least 350 mM in water, whereas hydroxocobalamin was soluble to about 70 mM. These experiments were performed by dissolving known amounts of the two compounds in the minimal amount of water necessary to achieve a clear homogenous solution. The calculated concentrations were checked spectrophotometrically at 348.5 and 352 nm for cobinamide sulfite and hydroxocobalamin, respectively, using an extinction coefficient of 2.8 × 10 4 .
Cobinamide sulfite could be administered at doses of 300 and 800 mg/kg to rats and mice, respectively, without evidence of significant toxicity. These doses are about 15 and 40 times higher, respectively, than the doses used in the current study. Formal toxicology studies are currently underway.
Statistical Methods
With a two-tailed alpha of 0.05 and 5 and 6 animals in control and cobinamide sulfite group, respectively, we calculated an estimated power of 0.8 to detect a 50% difference in recovery times between groups. Baseline parameters across groups were compared using analysis of variance. Response to treatment across the groups was compared using analysis of variance with repeated measures for cyanide level comparisons. A confidence interval [CI] of 95% was considered significant. Time constants for DOS or CWNIRS changes in tissue hemoglobin oxygenation parameters were compared using analysis of variance. All data were analyzed using a standard statistical package (Systat-12, Systat Software, Inc., Chicago, IL 60606).
Results
DOS monitoring of peripheral muscle region cyanide toxicity and recovery
The deoxygenated hemoglobin concentration in peripheral muscle fell progressively during the 60 minutes of cyanide infusion [ Fig. 2a ; fractional changes in deoxyhemoglobin (deoxyhemoglobin) concentration from the baseline (pre cyanide infusion) concentration are shown for a representative animal]. A fall in deoxygenated hemoglobin would be expected, because of cyanide inhibiting cellular respiration and decreasing tissue oxygen consumption. When the cyanide infusion was stopped at 60 minutes, the deoxyhemoglobin concentration slowly returned over >60 minutes towards baseline values in control non-cobinamide sulfitetreated animals (Fig. 2a, grey line) . The rate of return of deoxyhemoglobin levels in the cobinamide sulfite-treated animals was much faster than in control animals, particularly in the first 10 minutes after the intramuscular injection, which would be a critical time period for recovery (Fig. 2a, black line) .
Changes in deoxyhemoglobin concentrations for all animals during the recovery/treatment phase are shown in Fig. 2b , which illustrates the progression of fractional change in deoxyhemoglobin during the 60 minutes following injection of phosphate buffered saline (control) or cobinamide sulfite. Post cyanide infusion fractional deoxyhemoglobin values of the control was in a mean of -23.7%, compared to -28.7% in treatment animals; a difference of 5% (95% confidence interval [CI] -15.7, 4.6%), where the deoxyhemoglobin concentration at the completion of the cyanide infusion and start of the treatment period is designated as zero. From the data in Fig. 2b , the time constant for recovery of deoxygenated hemoglobin to baseline, pre-cyanide poisoning levels is calculated as: (~ (1-exp(-t/τ), where τ is a time constant). τ from fittings are listed below in Table 1 to determine the effective "time constant" to recovery where W is the classic time to recovery of an exponential decay fit curve to 63.2% of baseline (25) . Using this formula, the time constant for recovery of deoxygenated hemoglobin was in a mean of 76 minutes in control animals, compared to 24 minutes for cobinamide sulfite-treated animals; a difference of 52 minutes (95% CI -5, 110 minutes). In the crucial first 10 minutes following cyanide poisoning, the slope of recovery of deoxygenated hemoglobin for the cobinamide sulfite-treated group is almost three times greater than for controls (Table 1) .
CWNIRS monitoring of CNS region cyanide toxicity and recovery
CWNIRS monitoring over the CNS region yielded analogous results to DOS monitoring over muscle, but with a more pronounced effect of cyanide and response to treatment. Specifically, cobinamide sulfite markedly increased the rate of recovery of CNS region deoxyhemoglobin toward baseline values (Fig. 3a) . The time constant for recovery of deoxyhemoglobin concentrations was a mean > 1000 minutes in control animals and 9 minutes in cobinamide sulfite-treated animals with a difference of > 900 minutes (95% CI 116, 1874 minutes) ( Table  1 ). In the critical first 10 minutes after the end of the cyanide infusion when cobinamide sulfite was injected, the slope of recovery of the deoxyhemoglobin concentration was almost four times greater in the cobinamide sulfite-treated animals than in controls (Table 1) . CNS region oxyhemoglobin returned to baseline much faster in the cobinamide sulfite-injected animals than in control animals (Fig. 3b) . The time constant for returning oxyhemoglobin concentrations was in a mean > 250 minutes in control animals and 10 minutes for cobinamide sulfite-treated animals with a difference of 250 minutes (95% CI 28, 358 minutes) (Table 1) . Again, the rate of return of the oxyhemoglobin concentration during the first 10 minutes after stopping the cyanide infusion in the CNS region was about four times greater in the cobinamide sulfite-treated animals than in control animals ( Table 1) .
Total Tissue Hemoglobin Levels
Total tissue hemoglobin levels measured by DOS did not change during the post cobinamide sulfite injection recovery time or in control animals during the recovery period. The changes in total hemoglobin concentration during the post cobinamide sulf ite injection recovery time or in control animals are -0.6 μM (95% CI -2.2, 1.1μM) and -1.1 μM (95% CI -2.4, 0.2 μM), respectively.
Red blood cell cyanide concentrations
The concentration of cyanide in red blood cells decreased significantly more rapidly following intramuscular cobinamide sulfite injection than in control animals (Fig. 4) . At 30 minutes, cyanide concentrations had fallen to in a mean 68 % of peak values in cobinamide sulfitetreated animals compared to 82 % in control animals with a difference of 14 % (95% CI -35, 6 %). Analysis of variance with repeated measures revealed a significant difference between the cobinamide sulfite-treated group and controls over time (F=5.7, p<0.008).
Cobinamide concentrations
Plasma cobinamide concentrations rose rapidly after intramuscular administration. Cobinamide was undetectable in the plasma at baseline and at the completion of the cyanide infusion. By 2.5 minutes following the intramuscular injection, cobinamide concentrations had risen to a mean of 35 μmol/liter (95% CI 11, 59 μmol/liter), and by 5 minutes were at 56 μmol/ liter (95% CI 27, 85 μmol/liter); the cobinamide concentrations rose to 81 μmol/liter by 15 minutes (95% CI 56, 106 μmol/liter), after which time they remained relatively constant until 90 minutes (Fig. 5) . Thus, cobinamide sulfite injected intramuscularly is absorbed quickly and, at least over the relatively short time frame of these experiments, is eliminated slowly. The half-life □ for the rise in cobinamide concentration was 6.4 minutes (95% CI 3.2, 9.6 minutes), which is close to the τ for the CNS region return of oxy-and deoxy hemoglobin concentrations.
Blood pressure
There was no difference in systolic, diastolic, or mean blood pressure in the cobinamide sulfite treated animals compared to control animals at any time during the study (Fig. 6 ). Prior to initiation of cyanide infusion, systolic blood pressures were in a mean of 92 mmHg (95% CI 82, 103 mm Hg) and 94 mmHg (95% CI 74, 114 mm Hg) in the cobinamide sulfite-treated and control groups, respectively. At 5 and 45 minutes following intramuscular injection, systolic blood pressure was 73 mmHg (95% CI 61, 85 mm Hg) and 79 mm Hg (95% CI 71, 87 mm Hg) versus 82 mmHg (95% CI 60, 105 mm Hg) and 73 mmHg (95% CI 49, 98 mm Hg) in cobinamide sulfite-treated verus control animals, respectively.
Discussion
We investigated the feasibility of an intramuscular cobinamide sulfite injection for reversing the physiologic effects of cyanide poisoning in an animal model (11) . Cobinamide has many characteristics that suggest it may be effective in this role, including high binding affinity for cyanide, rapid binding kinetics, and high solubility in aqueous media (8, 29) .
Cyanide can be lethal within minutes, therefore, mobilization of an intramuscular drug must be very rapid and capable of neutralizing cyanide's effects before irreversible damage occurs.
In preliminary experiments performed prior to initiating the present study, we injected cobinamide (without addition of sodium sulfite) dissolved in phosphate-buffered saline intramuscularly into cyanide toxic rabbits (at and above doses that were known to be effective when administered intravenously). However, DOS and CWNIRS data, as well as red blood cell cyanide concentrations, and blood-gas evaluations, all showed cobinamide was not effective by this intramuscular route, even at high doses. A relatively slow rate of transfer of cobinamide into the blood was seen, and dissection of intramuscular injection sites revealed high amounts of cobinamide remaining in the muscle following sacrifice. While cobinamide has an extraordinarily high binding affinity for cyanide, it also reacts with and binds to nitric oxide (30) . We hypothesized that the injected cobinamide induced localized vasoconstriction around the site of injection from binding nitric oxide, resulting in sequestration in the muscle bed. To overcome this problem, we generated cobinamide sulfite by adding sodium sulfite in slight molar excess (1.25 fold higher than the cobinamide dose) to the cobinamide solution prior to injection. Sulfite forms a co-ordinate bond with cobalamin (31), and, we, therefore, presume that sulfite forms a similar co-ordinate bond with cobinamide. Sulfite binds to cobalamin with moderate affinity (K A , 10 7 M -1 ) (31), and is likely to bind to cobinamide with at least as great an affinity. We further hypothesized that sulfite bound to cobinamide would prevent cobinamide from scavenging nitric oxide, thereby allowing cobinamide to be mobilized from the muscle bed. Because cobinamide binds cyanide with a much higher affinity than it binds sulfite, sulfite does not interfere with cyanide binding to cobinamide, as we showed in in vitro studies. Sulfite exhibits relatively low levels of toxicity to animals, and is used as a food preservative (32) (33) (34) . Injecting cobinamide sulfite at a dose calculated to neutralize the administered cyanide rapidly reversed optical evidence of cyanide toxicity within minutes, with cobinamide appearing in the plasma 2-3 minutes after injection. Dissection of the muscle at the injection site demonstrated good mobilization of the injected solution. The calculated cobinamide sulfite dose required to neutralize a lethal human dose of cyanide could be administered as a 3-4 mL injection.
Rapid diagnosis and continual assessment of treatment response is essential to optimize cyanide countermeasures, particularly in the mass casualty setting. Having an antidote such as cobinamide that is stable, and can be administered intramuscularly in small volumes would allow for stockpiling and distribution of antidote kits to areas of potential risk including industrial sites, military installations, and to rapid response disaster and antiterrorist teams. However, sodium sulfite in liquid form is rapidly oxidized, and in the oxidized state does not prevent nitric oxide (NO) binding to cobinamide. Therefore, the sodium sulfite must be dissolved and mixed with cobinamide shortly before IM injection. In practice, this can be accomplished using a dual-chambered syringe with solid sodium sulfite in one chamber and a cobinamide solution in the other chamber; the two mix immediately before injection.
As a vitamin B 12 analog, cobinamide appears to be relatively non-toxic (35-38), and we have administered cobinamide sulfite to mice and rabbits at doses 15-40 times higher than we used in this study without evidence of toxicity. A high safety index would allow cobinamide sulfite to be used for potential victims in whom cyanide poisoning could not be confirmed with certainty prior to antidote administration. Furthermore, because cobinamide is a direct binding agent, and does not induce methemoglobin formation, it has the potential to be used in patients with combined carbon monoxide and cyanide poisoning, commonly seen in smoke inhalation injury, in contrast to the concerns of nitrite treatment in such cases (39).
Cyanide is not easily detected by rapid assay, either in blood samples, or through noninvasive monitoring. Furthermore, blood cyanide levels do not correlate closely with the degree of toxicity for a number of well described reasons (13, (40) (41) (42) (43) . While diffuse optical spectroscopy does not measure cyanide levels directly, it can assess tissue oxy-and deoxyhemoglobin concentrations, as an indirect, but quantitative, noninvasive measure of the impact of cyanide on physiologic functions (11) . It is of interest that blood cyanide levels did not decrease as quickly as would be expected by the rapid recovery seen in optical oxy-and deoxyhemoglobin measurements. This is consistent with reversing cytochrome-c oxidase inhibition after only partial unblocking of cyanide binding as demonstrated by Leavesley et al. (44) .
In control animals, deoxyhemoglobin recovery time constants were very different between muscle and CNS (Tables 1), with the CNS recovering much more slowly. In contrast, in cobinamide sulfite-treated animals, the CNS deoxyhemoglobin recovery rate was much faster than in muscle. These results suggest that cyanide detoxification by cobinamide is very effective in recovering CNS oxy-and deoxyhemoglobin extraction function compared to peripheral muscle. We speculate that the high blood flow rate in the CNS may account for this effect.
In addition to binding cyanide, cobinamide can bind nitric oxide (9, 30) , but the binding constant is several orders of magnitude lower for NO than for cyanide (9, 30) . Thus, cobinamide preferentially binds cyanide, but cobinamide can bind NO when given in excess of available cyanide (9, 30) . NO binding by cobinamide could result in vasoconstriction and increased blood pressure. In preliminary dose ranging studies, we observed oxy-and deoxyhemoglobin overshoot, accompanied by significant hypertension, when cobinamide (without sulfite) was administered intravenously in substantial excess of cyanide.
There are a number of limitations to this study. Utilizing DOS and CWNIRS based hemoglobin oxygenation as the major outcome indicator for cyanide toxicity reversal must be interpreted with caution, since this is not a lethal model, and we have not demonstrated the ability to increase survival in cyanide poisoning with IM Cobinamide sulfite injection. In addition, we do not demonstrate any evidence of CNS function recovery or improvements. Therefore, we cannot draw conclusions regarding effectiveness of cobinamide in treating lethal cyanide poisoning from this study.
With regard to specific limitations, animals were anesthetized for comfort and safety in compliance with animal welfare regulations, but this caused no adverse hemodynamic or other detectable events. Second, the number of animals studied was limited, as was the duration of follow-up, preventing subtle toxicities from cyanide poisoning or cobinamide from being detected. As this is a sub-lethal model, determining whether similar beneficial effects and complete toxicity reversal will be seen in a higher dose lethal model will require separate investigations.
While an intramuscular injection may be ideal for mass casualty settings, intravenous administration of a cyanide antidote may be preferable for individual exposures because of potentially more rapid systemic distribution. However, the time required to establish intravenous access could offset the advantage of faster distribution of intravenous versus intramuscular drug administration, and hydroxocobalamin and other cyanide antidotes must be infused over 15 minutes (45) . Further studies will be needed to address these issues as well. Specific DOS and CWNIRS limitations for real time assessment of cyanide toxicity and reversal are that DOS and CWNIRS measure average tissue constituents to a depth of 4-8 mm (at the source detector separations used in these studies). Deeper tissue effect and organ specific toxicities cannot be assessed using the current study design. Furthermore, as with all nearinfrared optical absorption technologies, other potential optically interfering agents, or medical conditions that might alter oxyhemoglobin levels could affect the ability to diagnose and monitor cyanide toxicity, including commonly encountered combined carbon monoxide and cyanide toxicity states. DOS capabilities in these scenarios will need to be investigated as well.
We used DOS to monitor oxy-and deoxyhemoglobin in peripheral muscles and CWNIRS to monitor oxy-and deoxyhemoglobin in the CNS because DOS is limited in maximal source detector separations and signal intensity. Therefore the maximal DOS depth of penetration is shallower, with more limited capabilities for CNS measurements. The two methods yield similar results when simultaneously monitoring over two separate muscle beds, validating their use.
In conclusion, this study demonstrates the feasibility of an intramuscular injection of cobinamide sulfite for rapidly reversing the physiologic effects of cyanide toxicity on oxy-and deoxyhemoglobin as an indicator of cytochrome oxidase blockage and tissue oxygen extraction capabilities. In addition, the study provides further evidence of the value of DOS and CWNIRS as tools for real-time, quantitative assessment of cyanide toxicity effects and comparisons between various potential cyanide treatment regimens. If additional studies confirm the efficacy and safety of intramuscular cobinamide sulfite in lethal cyanide exposures, this approach may be paradigm shifting in treating mass exposures to cyanide. Comparison of molecular structure of cobalamin (top) to cobinamide sulfite (bottom). Cobinamide lacks the dimethyl-benzimidazole ribonucleotide tail coordinated to the cobalt atom in the lower axial position. Whereas cobalamin has only an upper ligand binding site, cobinamide has both an upper and lower ligand binding site. The dimethylbenzimidazole group on cobalamin has a negative trans-effect on the upper binding site, thereby reducing cobalamin's affinity for ligands (11) . The combined effect is that each cobinamide molecule can bind two cyanide molecules, and that cobinamide has a much greater affinity for cyanide than cobalamin. (a) Changes in tissue deoxyhemoglobin concentrations as measured by DOS during and immediately after cyanide infusion in rabbits. The decrease in deoxyhemoglobin concentration during the 60 minutes of cyanide infusion is due to the inability of tissues to remove oxygen from circulating blood, leaving more hemoglobin in the oxygenated state. At 60 minutes when the cyanide infusion was stopped, the animals received either phosphate-buffered saline (control, gray line) or cobinamide sulfite by intramuscular injection (black line). In the control animal, deoxyhemoglobin levels gradually increased toward baseline after the cyanide infusion was discontinued; however, deoxyhemoglobin levels still remained below baseline levels at more than 140 minutes (> 80 minutes following completion of the cyanide infusion). In the cobinamide sulfite-treated animal, the deoxyhemoglobin concentration showed a rapid reversal following cobinamide sulfite administration, returning to baseline values on average within 24 minutes after injection. The data are expressed as the percent fractional change in deoxyhemoglobin from baseline. Individual animal data from both control and cobinamide sulfite treated group are also available to view in the Annals of Emergency Medicine online repository. (Fig. 2c and 2d ) (b) Fractional change in deoxyhemoglobin concentrations in all control and cobinamide sulfitetreated animals. The deoxyhemoglobin concentration began to rise gradually with cessation of the cyanide infusion in control animals. In contrast, deoxyhemoglobin concentration rose much more rapidly in cobinamide sulfite-treated animals. The data are the mean values for five control animals and six cobinamide sulfite-treated animals, with error bars representing the standard deviation. Deoxyhemoglobin (a) and oxyhemoglobin (b) levels in the CNS region as measured by CWNIRS. Representative animals are shown. The change in oxyhemoglobin and deoxyhemoglobin are normalized to the 0.1 and -0.1 with the values at the time point of CN infusion cessation, respectively, to be easy to compare the recovery rate between control and cobinamide sulfite-treated animals. As shown, the return of oxy-and deoxyhemoglobin levels to baseline is dramatically improved after cobinamide sulfite injection, which is similar to findings using DOS in Fig. 2 . Individual animal data from both control and cobinamide sulfite treated group are also available to view at the online web site. (Fig. 3c, 3d , 3e, and 3f) Plasma cobinamide concentrations after intramuscular administration of cobinamide sulfite. Whole blood was obtained from rabbits at the indicated times after intramuscular injection of 1 ml of .082 mmoles cobinamide sulfite. The blood was centrifuged, and KCN was added to the plasma fractions to convert all of the cobinamide to dicyanocobinamide. The latter was measured by scanning the samples between 300 and 600 nm, and performing a least squares regression comparison to spectra obtained from standards as described in Methods. Four thin gray lines indicate the data from individual animals and a thick black line represent the mean values from four rabbits. Systolic and diastolic blood pressures in control versus cobinamide sulfite-treated animals; cobinamide sulfite was administered at 60min. Blood pressure was not different between control and cobinamide sulfite-treated animals. The data are the mean and standard deviation for each group of animals. The values of cobinamide sulfite treated group are slightly shifted to prevent the overlap of error bars between two groups. Table 1 Deoxyhemoglobin recovery times in peripheral tissues following cyanide infusion. Time constant values for deoxyhemoglobin recovery fitted by using an exponential model shown as mean SEM standard deviation. The time constant is the standard exponential decay constant representing the time to recover to 63.2% of baseline value. Analysis was performed using a two sample t-test assuming unequal variances, for the intramuscular cobinamide sulfite versus controls; p<0.05 for the difference in deoxyhemoglobin time constant between control and cobinamide sulfite-treated animals. Oxy-and deoxyhemoglobin recovery times in CNS region following cyanide infusion. CWNIRS Time constant values for cyanide recovery of oxyhemoglobin and deoxyhemoglobin fitted by using an exponential model shown as mean SEM standard deviation, with 95% confidence interval in parentheses. Analysis was performed using two sample t-test assuming unequal variances; time constant p values for intramuscular cobinamide sulfite versus controls were <0.05 for both oxy-and deoxyhemoglobin. Slope of recovery versus time for deoxy-and oxyhemoglobin in the critical first 10 minutes after treatment. The above results are from fitting the initial 10 minutes of hemodynamic recovery in CNS after cobinamide sulfite administration shown as mean SEM standard deviation, with 95% confidence interval in parentheses. DPF is a differential pathlength factor (see the materials and methods section)
